Abstract
Introduction

53
The virome harbors the most abundant and diverse set of genes on earth, with deep 54 impacts on host biology, including the very architecture of host genomes [1] . Often described as 55 the "dark matter" of biology [2] , the virome has an underexplored role in human health [3] . 56
Much of the human gut virome is composed of double-stranded DNA bacteriophages [4] , which 57 are argued to be the primary regulators of bacterial biomass [5] . Bacteriophages have known 58 
Results and discussion
108
CrAssphage screening
109
Publicly available gut metagenome data from 3,341 samples were screened for the 110 presence of crAssphage sensu stricto using a two-pronged approach: first, a direct reference-111 based mapping to crAssphage (NC_024711.1) using Bowtie2 [37] , and second, a de novo 112 assembly using MEGAHIT [38] followed by a protein-protein BLAST search (BLASTP) [39] 113 against the crAssphage proteins (see Methods). Mapping and assembly statistics are provided in 114 S1 Table.  115 Using the reference-based mapping approach, we identified 614 samples wherein a high-116 quality crAssphage strain could be reconstructed (>70% of the genome at >10-fold meancoverage). However, this approach is suitable only for samples containing a single dominant 118 crAssphage strain. 60 samples showed more than 100 heterozygous sites (which corresponds to 119 0.1% of the total genome), with the maximum being 1,118 heterozygous sites in a single sample. 120
In order to determine whether the samples comprised multiple crAssphage strains, we performed 121 a de novo assembly of each metagenome. We used BLASTP to query the predicted open reading 122 frames (ORFs) for each sample against the crAssphage reference (NC_024711.1) proteins. The 123 BLASTP hits were then filtered to include only those which showed 95% query coverage and 124 95% identity to crAssphage proteins. These criteria were chosen to avoid false positive hits from 125 crAss-like phages, since the average pairwise identity between members of the crAss-like phage 126 family ranges from 20-40% [11, 40] . Using this approach, we identified 963 samples wherein at 127 least one crAssphage protein was recovered (S2 Table) . We were not able to recover all 90 128
proteins from a single sample, with the maximum number of crAssphage proteins recovered 129 from a single sample being 67. We hypothesize that this is due to the limitations of our de novo 130 metagenomic assembly as well as the stringency of our BLASTP search parameters, wherein our 131 approach is likely biased towards avoiding false positive hits. However, our approach is not 132 biased towards recovery of specific crAssphage proteins, since all 90 crAssphage reference 133 proteins were recovered across all samples. Since we were only able to recover a maximum of 67 134
proteins for a single sample, we decided to use a 50% coverage threshold to call a sample 135 "crAss-positive", i.e. at least 33 crAssphage proteins had to be recovered from the sample. 
15 (43) 12 (49) 20 (53) (25) 12 (48) 53 ( For healthy individuals, we also analyzed metadata, such as age, sex, and BMI, to study 173 potential associations with prevalence of crAssphage. The HAD, ISR, ITA, LIU, and MAT 174 datasets were excluded from this analysis due to unavailability of metadata or insufficient 175 number of crAss-positive individuals. There were no statistically significant differences in the 176 prevalence of crAssphage among individuals based on age, sex, or BMI (Table 3) . 177 178 (24) 18 (55) 8 (24) 18 (64) 58 (207) 29 (98) Values denote number of crAss-positive individuals (total number of individuals in the category) 180
181
Phylogenetic analyses
182
To study the phylogenetic relationships between the crAssphage strains, we selected ten 183 genes which are present in all members of the crAss-like phage family [11] . These genes include 184 those encoding the five putative capsid proteins, a single-stranded DNA-binding protein, a DNA-185 G family primase, a PD-(D/E)XK family nuclease, and two hypothetical proteins. We thenidentified a subset of 232 samples wherein only one sample ORF matched these crAssphage 187 reference proteins, suggesting the presence of a single strain of crAssphage in the samples. 188
Furthermore, we confirmed that these ORFs had similar depths of coverage to verify that they 189 represent the same viral genome. We also included the reference crAssphage genome 190 (NC_024711.1), resulting in a total of 233 taxa. A nucleotide alignment comprising these ten 191 genes contained 12,642 sites. A Maximum Likelihood (ML) tree of the 233 strains based on this 192 multi-gene alignment is given in S2 Fig.  193 According to the ML tree, crAssphage strains from the same individual cluster together. To assess whether the lack of biogeographic structure in the multi-gene phylogeny was 201 due to lack of sufficient information for phylogenetic analysis, we identified a subset of 118 202 samples fulfilling the following criteria: 1) according to the de novo assembly results, none of 203 crAssphage proteins were matched by more than one sample ORF, and 2) according to the 204 reference-based mapping, more than 70% of the crAssphage genome was covered at least 10-205 fold. Furthermore, we determined that these strains showed a range of 2 -280 heterozygous sites 206 (i.e. a maximum of 0.3% of sites across the genome were heterozygous). Taken altogether, we 207 considered these samples to contain only one dominant crAssphage strain. The reference 208 crAssphage genome was also included. A multi-genome alignment comprising all 97,065nucleotide sites was built and used to generate an ML tree (Fig 1) . This phylogeny supports the 210 findings of our multi-gene analysis. CrAssphage strains from the same individual cluster 211 together, with high bootstrap support. Strains from individuals from the same study dataset do 212 not all necessarily cluster together; many such phylogenetically dissimilar strains are found in 213 individuals within a study population. At the level of broadly defined geographic regions, some 214 biogeographic structure is observed. However, even at phylogenomic resolution, due to low 215 bootstrap values, the relative positions of these clusters within the crAssphage phylogeny cannot 216 be well-defined. 217 
CrAssphage population expansion
227
We hypothesized that the lack of strong biogeographic clustering could be explained by a 228 recent expansion event in crAssphage. To asses this, we used a Bayesian Evolutionary Analysis 229
Sampling Trees (BEAST) approach [47] . The analysis was performed using the multi-gene 230 alignment described previously, and a fixed mean substitution rate, since these crAssphage 231 strains are mostly contemporaneous. Because a substitution rate for crAssphage or other 232
Podoviridae bacteriophages has not been estimated as of yet, we used a rate of 1.9 x 10 However, we stress the uncertainty of this estimate given the limitations of our Bayesian dating 237 approach -namely, the lack of appropriate external calibration points and a substitution rate 238 specific to crAssphage. Given the recent successful propagation of crAssphage in culture [44] , 239 the determination of this substitution rate has become a possibility. Further investigation using a 240 crAssphage-specific substitution rate will provide a more robust estimate of the timing of the 241 population expansion. 242
243
CrAssphage acquisition and persistence
244
Acquisition and persistence of crAssphage strains in the human gut was evaluated using 245 data from studies focusing on 1) mother-infant pairs, 2) twin-pairs, and 3) longitudinal sampling 246 of individuals. We assessed the potential to identify vertical transmission of crAssphage using 247 the BCK dataset [22] , which comprises samples from healthy Swedish mothers (N=100) and 248 their infants (N=100) at birth, 4-months, and 12-months of age. CrAssphage prevalence among 249 the healthy mothers was 23%. None of the samples from newborns were considered crAss-250 positive. Most of the samples from newborn infants showed no reads mapping to crAssphage and 251 no crAssphage proteins recovered from the de novo metagenomic assembly approach (S2 Table) , 252 with the exception of the infants from Family 549 and Family 263, who showed presence of 253 three and five crAssphage proteins, respectively, at birth. The mothers from both families were 254 also crAss-positive. The infant from Family 263 was determined to be crAss-positive at the four-255 and 12-month stages, whereas the infant from Family 549 was never crAss-positive, despite 256
showing a steady increase in the number of crAssphage proteins recovered. At the four-month 257 stage, a total of three infants were crAss-positive, all of whom remained crAss-positive at the 12-258 month stage as well. A total of 16 infants were crAss-positive at the 12-month stage, suggesting 259 that by the end of the first year of life, crAssphage prevalence among infants was similar to that 260 in mothers (chi-square=1.5608; p-value=0.2115, α=0.05). Interestingly, in nine out of 16 mother-261 infant pairs, the 12-month old infants were crAss-positive whereas mothers were completely 262 crAss-negative (no crAssphage proteins were recovered from the samples from the mothers). 263
This supports the hypothesis that crAssphage may be acquired by means other than vertical 264 transmission, as recently reported by [21] . 265
To study concordance of crAssphage prevalence among twin-pairs, we screened the XIE 266 dataset comprising samples from twin-pairs from the UK (N=124 pairs). We found 15 cases 267 wherein both twins were crAss-positive and 57 cases wherein both twins were crAss-negative. 268
There were 51 twin-pairs with discordant crAss-positive status. CrAssphage strains from onlytwo crAss-positive twin-pairs could be included in our phylogenetic analyses: in one case, the 270 strains from twin-pair P98 clustered together, whereas those from twin-pair P122 did not (Fig 2) . 
Conclusions
290
The geographic distribution of crAssphage is global [13, 20] , but as observed here, the 291 prevalence of crAssphage is lower within samples from more traditional, hunter-gatherer 292 populations such as the Hadza from Tanzania and Matses from Peru. The overall picture from 293 the data presented here is that crAssphage prevalence is associated with an industrialized 294 lifestyle/diet, but with no associations to health, age, sex, or body-size variables. CrAssphage 295 strains from the same individual tend to cluster together phylogenetically. Overall, crAssphage 296 shows limited biogeographic clustering as seen in cases of a recent population expansion event. 297
We estimate that this expansion occurred approximately within the past 200 years; however, the 298 mechanism behind this expansion remains uncertain. 299 300 301
Methods
302
Data acquisition and processing
303
Gut metagenomic data for a total of 3,341 samples from were downloaded from the 304 Sequence Read Archive or European Nucleotide Archive (Table 1) . Shotgun data were processed 305 using AdapterRemoval v2 [49] to remove reads with ambiguous bases ('N"), trim at low-quality 306 bases (Q<30), and merge overlapping read-pairs. Processed reads longer than 30 base pairs (bp) 307
were retained for downstream analysis. These "analysis-ready" reads were then screened for the 308 presence of crAssphage. 309 310
Reference-based mapping
311
The analysis-ready reads were mapped to the reference crAssphage genome 312 (NC024711.1) using Bowtie2 [37] with the "no-unal" option to discard unmapped reads. The 313 resulting SAM files were processed using SAMTools v1.3 [50], converted into BAM files, 314 quality-filtered at Phred threshold 37, and duplicate reads were removed using rmdup. 315 SAMTools mpileup and VarScan v2.4.3 [51] were used to generate a VCF file with the 316 following parameters: minimum coverage: 10, minimum coverage of variant allele: 3; minimum 317 average quality: 30, minimum variant allele frequency: 0.2, minimum frequency for 318 homozygotes: 0.9, p-value: 1, and strand filter: 0. This VCF file comprised both variant and 319 invariant sites present in the reference crAssphage genome, resulting in a total of 97,065 sites. A 320 custom perl script was used to generate a FASTA file containing the complete genome of the 321 crAssphage strain from the VCF file. The number heterozygous sites was used to assess presence 322 of one or multiple crAssphage strains in the sample. 323 
